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 ﾠ
The	 ﾠlong-ﾭ‐term	 ﾠgoals	 ﾠare	 ﾠto	 ﾠunderstand,	 ﾠwith	 ﾠa	 ﾠcomprehensive	 ﾠdata	 ﾠset	 ﾠand	 ﾠa	 ﾠstate-ﾭ‐of-ﾭ‐the-ﾭ‐art	 ﾠ
ocean	 ﾠmodel,	 ﾠthe	 ﾠnature	 ﾠof	 ﾠthe	 ﾠNorth	 ﾠAtlantic	 ﾠOcean	 ﾠcirculation,	 ﾠwith	 ﾠa	 ﾠparticular	 ﾠemphasis	 ﾠ
on	 ﾠits	 ﾠdecadal	 ﾠvariability	 ﾠand	 ﾠclimate	 ﾠconsequences.	 ﾠ	 ﾠThe	 ﾠso-ﾭ‐called	 ﾠmeridional	 ﾠoverturning	 ﾠ
circulation	 ﾠ(MOC)	 ﾠis	 ﾠa	 ﾠsimplified	 ﾠschematic	 ﾠof	 ﾠthe	 ﾠcomplex	 ﾠNorth	 ﾠAtlantic	 ﾠOcean	 ﾠcirculation	 ﾠ
that	 ﾠis	 ﾠbelieved	 ﾠimportant	 ﾠto	 ﾠthe	 ﾠclimate	 ﾠsystem.	 ﾠAs	 ﾠsuch,	 ﾠit	 ﾠis	 ﾠa	 ﾠuseful	 ﾠshorthand	 ﾠfor	 ﾠthe	 ﾠ
description	 ﾠof	 ﾠcirculation	 ﾠchanges	 ﾠ(past,	 ﾠongoing,	 ﾠand	 ﾠpossibly	 ﾠin	 ﾠthe	 ﾠfuture)	 ﾠthat	 ﾠcan	 ﾠhave	 ﾠ
serious	 ﾠclimate	 ﾠimplications	 ﾠand	 ﾠconsequences	 ﾠfor	 ﾠsociety	 ﾠin	 ﾠgeneral.	 ﾠ
	 ﾠ
Adjoint	 ﾠmodels,	 ﾠwhich	 ﾠprovide	 ﾠcomprehensive	 ﾠsensitivities,	 ﾠare	 ﾠused	 ﾠto	 ﾠstudy	 ﾠthe	 ﾠMOC	 ﾠin	 ﾠ
four	 ﾠdistinct,	 ﾠbut	 ﾠnonetheless,	 ﾠoverlapping	 ﾠways.	 ﾠIn	 ﾠone	 ﾠapproach,	 ﾠthe	 ﾠadjoint	 ﾠis	 ﾠused	 ﾠas	 ﾠa	 ﾠ
numerical	 ﾠtool	 ﾠfor	 ﾠfitting	 ﾠa	 ﾠgeneral	 ﾠcirculation	 ﾠmodel	 ﾠto	 ﾠa	 ﾠgreat	 ﾠvariety	 ﾠof	 ﾠoceanic	 ﾠ
observations.	 ﾠApproach	 ﾠ2	 ﾠexploits	 ﾠexplicitly	 ﾠthe	 ﾠmathematical	 ﾠresult	 ﾠthat	 ﾠthe	 ﾠadjoint	 ﾠ
solution	 ﾠ(the	 ﾠLagrange	 ﾠmultipliers)	 ﾠare	 ﾠthe	 ﾠsensitivity	 ﾠof	 ﾠan	 ﾠarbitrarily	 ﾠchosen	 ﾠscalar-ﾭ‐
function,	 ﾠfor	 ﾠexample,	 ﾠclimate	 ﾠmetrics	 ﾠthat	 ﾠcapture	 ﾠAtlantic	 ﾠtransport	 ﾠand	 ﾠheat	 ﾠcontent	 ﾠ
variability,	 ﾠto	 ﾠalmost	 ﾠany	 ﾠperturbation	 ﾠin	 ﾠthe	 ﾠmodel	 ﾠor	 ﾠits	 ﾠexternal	 ﾠconstraints	 ﾠ(initial	 ﾠand	 ﾠ
boundary	 ﾠconditions).	 ﾠApproach	 ﾠ3	 ﾠextends	 ﾠthe	 ﾠadjoint	 ﾠapplication	 ﾠthrough	 ﾠformulating	 ﾠan	 ﾠ
optimality	 ﾠproblem	 ﾠin	 ﾠwhich	 ﾠinitial	 ﾠconditions	 ﾠare	 ﾠsought	 ﾠwhich	 ﾠlead	 ﾠto	 ﾠmaximum	 ﾠtransient	 ﾠ
amplification	 ﾠof	 ﾠclimate-ﾭ‐related	 ﾠnorms,	 ﾠsuch	 ﾠas	 ﾠthe	 ﾠMOC.	 ﾠFrom	 ﾠapproach	 ﾠ1,	 ﾠwe	 ﾠobtain	 ﾠ
estimates	 ﾠof	 ﾠthe	 ﾠNorth	 ﾠAtlantic	 ﾠtime-ﾭ‐varying	 ﾠthree-ﾭ‐dimensional	 ﾠocean	 ﾠstate	 ﾠas	 ﾠa	 ﾠ
subcomponent	 ﾠconsistent	 ﾠwith	 ﾠthe	 ﾠglobal-ﾭ‐scale	 ﾠocean.	 ﾠThat	 ﾠestimate	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠstudy	 ﾠ
the	 ﾠbehavior	 ﾠof	 ﾠthe	 ﾠMOC	 ﾠdirectly	 ﾠ(Approach	 ﾠ4).	 ﾠ
	 ﾠ
Recent	 ﾠResults	 ﾠ
(1)	 ﾠApproach	 ﾠ1:	 ﾠPreliminary	 ﾠresults	 ﾠare	 ﾠnow	 ﾠavailable	 ﾠfor	 ﾠa	 ﾠnew-ﾭ‐generation	 ﾠdecadal	 ﾠfully	 ﾠ
global	 ﾠstate	 ﾠestimate	 ﾠwith	 ﾠan	 ﾠextended	 ﾠadjoint	 ﾠmodel	 ﾠ(ECCO	 ﾠversion	 ﾠ4),	 ﾠand	 ﾠwhich	 ﾠresolves	 ﾠ
Arctic/Atlantic	 ﾠsubpolar	 ﾠgyre	 ﾠwater	 ﾠmass	 ﾠexchanges.	 ﾠFidelity	 ﾠof	 ﾠthe	 ﾠsolution	 ﾠin	 ﾠthe	 ﾠAtlantic	 ﾠ
and	 ﾠvariability	 ﾠof	 ﾠthe	 ﾠestimated	 ﾠAtlantic	 ﾠcirculation	 ﾠare	 ﾠpresented	 ﾠin	 ﾠWunsch	 ﾠand	 ﾠHeimbach,	 ﾠ
2012	 ﾠ(see	 ﾠalso	 ﾠForget	 ﾠand	 ﾠHeimbach,	 ﾠ2012).	 ﾠOn	 ﾠregional	 ﾠscales,	 ﾠFenty	 ﾠet	 ﾠal.	 ﾠ(2012a/b)	 ﾠ
undertook	 ﾠa	 ﾠdetailed	 ﾠregional	 ﾠcoupled	 ﾠocean-ﾭ‐sea	 ﾠice	 ﾠstate	 ﾠestimation	 ﾠstudy	 ﾠof	 ﾠthe	 ﾠLabrador	 ﾠ
Sea,	 ﾠwhich	 ﾠis	 ﾠone	 ﾠof	 ﾠthe	 ﾠkey	 ﾠsites	 ﾠin	 ﾠthe	 ﾠNorth	 ﾠAtlantic	 ﾠfor	 ﾠdeep	 ﾠconvection	 ﾠand	 ﾠthe	 ﾠvertical	 ﾠ
branch	 ﾠof	 ﾠthe	 ﾠMOC.	 ﾠ
	 ﾠ
(2)	 ﾠApproach	 ﾠ2:	 ﾠA	 ﾠdetailed	 ﾠadjoint	 ﾠsensitivity	 ﾠstudy	 ﾠof	 ﾠthe	 ﾠNorth	 ﾠAtlantic	 ﾠcirculation	 ﾠand	 ﾠits	 ﾠ
variability	 ﾠwas	 ﾠperformed	 ﾠby	 ﾠHeimbach	 ﾠet	 ﾠal.	 ﾠ(2011).	 ﾠIn	 ﾠaddition,	 ﾠa	 ﾠmajor	 ﾠeffort	 ﾠwent	 ﾠ
toward	 ﾠproducing	 ﾠresults	 ﾠand	 ﾠrecommendations	 ﾠfor	 ﾠthe	 ﾠOceanObs2009	 ﾠConference	 ﾠ
(Heimbach	 ﾠet	 ﾠal.,	 ﾠ2010;	 ﾠWunsch,	 ﾠ2010).	 ﾠSimilar	 ﾠcalculations,	 ﾠbut	 ﾠtargeting	 ﾠregional	 ﾠsea	 ﾠlevel	 ﾠ
sensitivity	 ﾠpatterns	 ﾠin	 ﾠthe	 ﾠNorth	 ﾠAtlantic	 ﾠare	 ﾠunder	 ﾠway.	 ﾠ
	 ﾠ
(3)	 ﾠApproach	 ﾠ3:	 ﾠExtensions	 ﾠof	 ﾠthe	 ﾠadjoint-ﾭ‐based	 ﾠsensitivity	 ﾠcalculations	 ﾠuse	 ﾠformal	 ﾠmethods	 ﾠ
to	 ﾠstudy	 ﾠlinear	 ﾠpredictability	 ﾠof	 ﾠthe	 ﾠAMOC.	 ﾠIn	 ﾠthe	 ﾠfirst	 ﾠset	 ﾠof	 ﾠstudies,	 ﾠZanna	 ﾠet	 ﾠal.	 ﾠ(2011/12)	 ﾠ
infer	 ﾠoptimal	 ﾠpatterns	 ﾠleading	 ﾠto	 ﾠnon-ﾭ‐normal	 ﾠamplification	 ﾠof	 ﾠthe	 ﾠstrength	 ﾠof	 ﾠthe	 ﾠAMOC	 ﾠon	 ﾠ
sub-ﾭ‐decadal	 ﾠtimescales,	 ﾠwith	 ﾠimplications	 ﾠfor	 ﾠlimits	 ﾠof	 ﾠpredictability	 ﾠand	 ﾠobserving	 ﾠsystem	 ﾠ
requirements.	 ﾠA	 ﾠrelated	 ﾠapproach	 ﾠof	 ﾠlinear	 ﾠprediction	 ﾠtheory	 ﾠwas	 ﾠadopted	 ﾠby	 ﾠWunsch	 ﾠ
(2012),	 ﾠwho	 ﾠfound	 ﾠthat	 ﾠthere	 ﾠis	 ﾠpredictive	 ﾠskill	 ﾠin	 ﾠsome	 ﾠparts	 ﾠof	 ﾠthe	 ﾠsystem	 ﾠout	 ﾠto	 ﾠabout	 ﾠ5	 ﾠ
years.	 ﾠ	 ﾠ
(4)	 ﾠApproach	 ﾠ4:	 ﾠA	 ﾠreview	 ﾠof	 ﾠmajor	 ﾠissues	 ﾠassociated	 ﾠwith	 ﾠmeasurements	 ﾠand	 ﾠanalyses	 ﾠof	 ﾠ
oceanic	 ﾠtemperature	 ﾠand	 ﾠheat	 ﾠcontent	 ﾠwas	 ﾠprovided	 ﾠby	 ﾠPonte	 ﾠ(2011).	 ﾠIn	 ﾠrelated	 ﾠwork	 ﾠ
(Piecuch	 ﾠand	 ﾠPonte,	 ﾠ2012)	 ﾠthe	 ﾠsensitivity	 ﾠof	 ﾠmajor	 ﾠelements	 ﾠof	 ﾠthe	 ﾠocean	 ﾠcirculation	 ﾠin	 ﾠthe	 ﾠ
North	 ﾠAtlantic	 ﾠhas	 ﾠbeen	 ﾠundertaken.	 ﾠThese	 ﾠfocus	 ﾠon	 ﾠthe	 ﾠsocially	 ﾠimportant	 ﾠmeridional	 ﾠheat	 ﾠ
transport	 ﾠand	 ﾠsea	 ﾠlevel	 ﾠchanges.	 ﾠOne	 ﾠimportant	 ﾠaspect	 ﾠis	 ﾠhow	 ﾠthe	 ﾠheat	 ﾠcontent	 ﾠvariability	 ﾠin	 ﾠ
the	 ﾠNorth	 ﾠAtlantic	 ﾠrelates	 ﾠto	 ﾠthe	 ﾠmeridional	 ﾠoverturning	 ﾠcirculation,	 ﾠas	 ﾠwell	 ﾠas	 ﾠto	 ﾠother	 ﾠ
circulations	 ﾠand	 ﾠto	 ﾠdirect	 ﾠexchanges	 ﾠwith	 ﾠthe	 ﾠatmosphere,	 ﾠThe	 ﾠresults	 ﾠindicate	 ﾠa	 ﾠcomplex,	 ﾠ
regionally-ﾭ‐dependent	 ﾠbehavior,	 ﾠwith	 ﾠseveral	 ﾠfactors	 ﾠcontributing	 ﾠto	 ﾠheat	 ﾠcontent	 ﾠvariability	 ﾠ
at	 ﾠseasonal	 ﾠand	 ﾠinter-ﾭ‐annual	 ﾠtimescales.	 ﾠFor	 ﾠexample,	 ﾠshallow	 ﾠoverturning	 ﾠcirculations	 ﾠ
dominate	 ﾠat	 ﾠlow	 ﾠlatitudes	 ﾠbut	 ﾠzonally-ﾭ‐asymmetric	 ﾠ(gyre)	 ﾠcomponents	 ﾠbecome	 ﾠimportant	 ﾠat	 ﾠ
higher	 ﾠlatitudes.	 ﾠOceanic	 ﾠadvection	 ﾠis	 ﾠgenerally	 ﾠimportant,	 ﾠbut	 ﾠtemperature	 ﾠvariability	 ﾠ(not	 ﾠ
just	 ﾠvelocity	 ﾠvariability)	 ﾠcan	 ﾠcontribute	 ﾠto	 ﾠvariable	 ﾠheat	 ﾠtransports	 ﾠat	 ﾠhigh	 ﾠlatitudes.	 ﾠWunsch	 ﾠ
(2011)	 ﾠanalyzed	 ﾠthe	 ﾠsame	 ﾠECCO	 ﾠstate	 ﾠestimate	 ﾠfor	 ﾠthe	 ﾠdegree	 ﾠto	 ﾠwhich	 ﾠit	 ﾠappears	 ﾠto	 ﾠbe	 ﾠin	 ﾠ
equilibrium	 ﾠwith	 ﾠthe	 ﾠwind	 ﾠfield.	 ﾠ
	 ﾠ
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